The FELs based on the RF accelerator-recuperator and the electron outcoupling is promising for obtaining average output power of hundreds of kilowatts. We present basic considerations for the system stability and performance optimization for this scheme.
INTRODUCTION
Optical beams with high average power could be important power sourece for industrial applications. Power beaming to satellite requires spacially coherent, 1 micron radiation beam with average power greater than 100 kW1 . Free electron lasers (FELs) driven by high power electron accelerator can meet these requirement.
One of the most attractive features of free electron lasers (FELs) is the possibility of generating fully transverse coherent light, having very high average power. This is due to the simplicity (in comparison with other types of lasers) of the working media-the electron beam. The average power in such a beam may be about 1 GW (in storage rings), and corresponding power density is in the order of 10 GW/mm2. Such a high power is simply the consequence of the high electron velocity, the corresponding linear and volume density energy being only 3 JIm and 33 J/cm3, respectively.
On the other hand, the efficiency of the conversion of the beam power to the radiation power is rather small in an FEL, being typically not more than a few percent. For high power application, therefore, it is necessary to recover the beam power after the FEL interaction. The main reason for the energy recovery, except of simple energy saving, is the dramatic reduction of the radiation hazard at the beam dump.
One of the possible methods of beam energy recovery is to return the beam to the RF accelerating structure, which was used to accelerate it. If the length of path from the accelerator through the FEL to the accelerator is chosen properly, the deceleration of particles will occur instead of acceleration, and therefore the energy will return to the accelerating RF field (in other words, the beam will excite RF oscillations in the accelerating structure together with the RF generator). Such a mode of accelerator operation was demonstrated at the Stanford HEPL2. An obvious extension of such an approach is the use of multipass recirculators instead of simple linacs. By increasing of the number of passes, cost and power consumption can be reduced. However, the threshold current of instabilities (see below) also decreases, so the "optimal" number of passes exists.
Another severe problem concerns the output of radiation from the optical resonator of the FEL. A solution is the use of the coherent undulator radiation of prebunched electron beams. The FEL itself is necessary only to provide the electron bunching in this scheme. For the high gain bunching FEL this approach is referred to as MOPA; and for the low gain FEL with optical resonator, as "electron outcoupling"3. Both these terms describe the principles of operation concerning the behavior of radiation: amplification of the input signal and "extraction" from the optical resonator. The second approach seems to be easier for reasonable peak electron currents, but the combination of the two approaches may be interesting as well.
In this paper we will discuss some theoretical aspects of the high power FEL operation based on the multipass recirculator and the electron beam outcoupling scheme. These ideas are implemented and will be tested at the Novosibirsk facility4, which is now under construction.
THE GENERAL SCHEME
Assuming a few-centimeter period for the undulator, it is easy to estimate that for the infrared FEL one needs to have e'ectron energy in the order of 100 MeV. Assuming 1% electron efficiency of the FEL and required output power of 100 kW, one obtains the required beam current of 100 mA. As was mentioned in the introduction, we will discuss the use of the RF recirculating accelerator (the detail information on the accelerators of such a type is contained in the book5) in order to provide the required electron beam, and also to decelerate it after use (see Fig. 1 ). As the RF accelerating structure is used, the total length of each pass has to be the multiple of the RF wavelength (at least, approximately). The last path, containing an FEL, has to be about one half of a wavelength longer. Some desirable features of an accelerator-recuperator are listed below.
4. It is preferable to have a zero transverse dispersion function in the straight line sections to allow the optimization of the betatron phase advances at each orbit to increase the threshold current for the transverse beam breakup (see below).
5. The frequency of the RF system tends to be low to decrease the longitudinal and transverse impedances and increase the longitudinal acceptance. Another advantage of low frequencies is the possibility of using the separated (uncoupled) RF resonators with individual tunes of fundamental and asymmetric modes.
6. To preserve low transverse emittance it is preferable to have a high peak current only at high energies. So the rotation in the longitudinal phase space by ir/2 , 3 ir/2 , ... may be useful.
4
o) Figure 1 . The scheme of the FEL with the accelerator-recuperator. 1-injector; 2-RF accelerating structure; 3-1 80-degree bends; 4-the FEL magnetic system; 5-beam dump; 6-mirrors; 7-the output light beam.
COLLECTIVE INSTABILITIES
As the average current is rather high, the issue of collective instabilities is very crucial for such projects.
The most important transverse instability is so-called regenerative beam breakup. It is caused by the excitation of the axially asymmetric modes of electromagnetic oscillations inside the linac. The regenerative beam breakup is understood fully now5). If the linac consists of uncoupled resonators, we may tune the most dangerous TM1 io mode for each of them to different resonant frequencies. Then the start current for the transverse beam breakup is given by
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The physical meaning of (1) is simple. The magnetic field of the TM1 io mode deflects the beam at each pass (with number m ). The deflected beam makes an addition to the mode field depending on its coordinates at later passes(with number n). The consideration of the balance between this "amplification" and the damping due to the losses (finite Qa ) leads to the expression for the start current I . In principle, the electron beam transport of the microtron-recuperator may be chosen to provide the positive denominator of (1), and, correspondingly, the stability at all beam currents. But, we need to satisfy this condition for each cavity of linac and also for the vertical and horizontal directions. Because of the axial asymmetry of practical RF cavities, two polarizations of the TM1 iO mode have, in general, different resonant frequencies and are "skew."
According to these remarks, we may estimate the worst case by setting sin[-(T -Tm)] -1, and the combination of the design betatron functions I3m I3n for (R12 )nm to Eq. (1):
Eq. (3) shows that it is preferable to use the low-frequency nonsuperconducting RF system (higher X and lower Qa) and strong focusing at low energies. It also demonstrates the limitation to the number of passes. However, for more realistic estimates, we may assume a random phase distribution in Eq. (1), and then obtain:
We now turn our attention to the longitudinal collective instability, which has some special features for recuperators.
To simplify the picture, consider the linac as one accelerating gap. Such a simplification works, for example, if we have the it -structure of similar RF cavities. Taking the effective voltage on the gap in the form Re(Ue'°t ), ( w is the frequency of the RF generator), we obtain:
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gives:
Strictly speaking, 'b depends on the values of U at previous moments of time, so Eq. (8) 
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To proceed further, we have to specify the elements of the beam conductivity matrix in the stability condition (Eq. 9). The complex amplitude of the beam current 'b may be written in the form 2N. 2N.
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where I is the average beam current, Pn is the equilibrium phase for the n -th pass through the resonator, and an and 1 describe the beam losses8 at the n -th orbit. The small energy and phase deviations 8n and Wn obey the linear equations: n 8n1 +eIm(Use')n +eRe(Ue")
Wn+i = n +
" 'n ( dt where -:;---I is the ongitudina1 dispersion of the n-th orbit. The initial conditions for the system of Eqs.
( 1 1) and (12) are, certainly, E0 = 0 and 'Vi = 0, if we have no special devices to control them for the sake of beam stabilization, or other purposes. Then the solution may be written using the longitudinal sine-like trajectory Sflk and its "derivative" Sk (56 and 66 elements of the transport matrix):
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Substitution of the Eqs. (10), (13) and (14) into Eq. (9) leads to the stability condition
eIpQ n=lk=1 If the recirculator does not have decelerating passes, all equilibrium phases (p may be equal. Then the first term into the square brackets is zero, and only the energy dependence of beam losses may cause the longitudinal instability. For the accelerator-recuperator, it needs to satisfy (at least approximately) the recuperation condition ( 2N .
Re U Y_de' = 0 . To make the stability condition (15) more explicit, consider a simple example. Assume that all equilibrium phases are equal during acceleration. Conditions (17) and (18) 
where cJ is the phase advance for the longitudinal oscillations from the entrance of the accelerator to the FEL. As was already mentioned, it is preferable to have it/2 + q it , q being an integer. Simple calculations transform Eq. (21) to sin < 0, so = 3 ic/2 is preferable. Thus, the longitudinal motion is "more stable" in microtron-recuperators than in pure accelerators, due to stabilization by the interaction of the beam with the linac. This conclusion is correct in most cases, even when n and depend on n . Another advantage of the phase advance 3 /2 in comparison with /2 are lower second order longitudinal aberrations9, but the disadvantage is the appearance of longitudinal crossover at lower energies. The special case, when all orbits, except the N-th, are isochronous, was considered earlier 7.
The stability of longitudinal motion was checked with a preliminary numerical simulation code previously8. Recently, we have developed another code which takes advantage of the stability analysis developed above. Thus the simulation begins with a stationary initial operating condition defined analytically for a set of input parameters such as the average injector current and average current losses in the recuperator, quality factor of the cavity, mirror reflection efficiency and average radiated power, and then continue simulations allowing pulse-to-pulse jitters in the injection current, injection energy and phase. A typical result of the simulation with 10% current jitter, 10% energy jitter and 10 phase jitter is shown in Fig. 2 . To demonstrate the stability, the injector current (upper plot) was switched off for -10 microseconds. The accelerating voltage and the radiation power returned to the stationary values in few tens of microseconds. 
THE ELECTRON OUTCOUPLING
The scheme of FEL with the electron outcoupling2 is shown in Fig. 3 . The FEL-oscillator is the optical klystron with undulators 1 and 3, dispersive section 2 and mirrors 6. The microbunched (in the FEL-oscillator and the bend 4) electron beam passes through radiator 5. As the electron beam in the radiator is deflected from the optical cavity axis, the coherent undulator radiation leaves the cavity. 8 6 (   Figure 3 . The scheme of the FEL. 1-first undulator; 2-dispersive section; 3-second undulator; 4-achromatic bend; 5-undulator-radiator; 6-mirror; 7-electron beam; 8-coherent undulator radiation.
As the FEL is used here only to bunch the electron beam, it has to be optimized for minimal intensity of light on the mirror surfaces. To limit the intracavity power it is convenient to choose a high value of longitudinal dispersion of the dispersive section. In addition, it is preferable to have the second undulator sufficiently longer than the first one. Then the "useful" energy modulation in the second undulator, which causes the density modulation in the radiator, is significantly more than "harmful" modulation in the first undulator, which increases the effective energy spread in the radiator. To minimize this increase of the effective energy spread, the intracavity power loss must be minimized (so, the mirror reflectivity has to be good).
To demonstrate explicitly the dependence of different parameters we will obtain a simple estimate for it. Assume that the fundamental mode of the optical resonator inside the undulator can be approximated by the Gaussian beam with the Rayleigh length zO . The amplitude of the electric field may be expressed through the light peak power P as 2 / , k C being the wave number. To obtain significant beam bunching, the amplitude of the energy modulation must exceed the energy spread E 2/-ecL0 zO > GE , (23) czo where cx is the amplitude of the deflection angle of the undulator, and the (effective) undulator length is assumed to be equal to 2 z0. The maximal intensity at the large distance S from the waist (on the mirror) is With the current techno'ogy, the average power on mirrors should be limited to a value of about 1 kW/cm2. Assuming a duty factor for the radiation intensity to be about 1/2000 energy spread of about 300 keV, an undulator period of about 5 cm, a deflection parameter of about \f and the 1 micron wavelength, one obtains 12 m for the right-hand side of Eq. 25. Therefore, it is enough to use the simplest two-mirror optical resonator with the length of about 100 m and increase its Rayleigh length to improve the tolerances for the mirror alignment.
The stationary value of the intracavity peak power can be derived from the energy conservation J1(47cNDA)GG .
Here the field amplitude is expressed through the amplitude of the relative energy modulation in the first undulator z ; ND is the effective number of periods in the dispersive section (which is proportional to the longitudinal dispersion from the middle of the first undulator to the middle of the second one); and G is the small gain and Gth the gain at the threshold of oscillation (which is equal to the round-trip loss). The left side of Eq. (26) describes the fractional increase of power generated by the electron beam in the cavity; and the right side describes the round trip loss. Using the approximation J1(x) x/2 -x3/16, we obtain from Eq. (26):
(27) /iCND G As for the optical klystron, the small signal gain depends on ND as Njj/exp[2 (2 it ND E /E)2] , one can adjust the longitudinal dispersion to obtain the optimal modulation amplitude (about 2 1 1 , in the second undulator. The ratio of the energy modulation amplitudes in the first and the second undulators is approximately the ratio of the corresponding undulator lengths. Moreover, the energy modulation in the first undulator will cause not the density modulation, but only the increase of the energy spread in the third undulator (as the longitudinal dispersion from the middle of the first undulator to the middle of the third one is too high). Therefore it is preferable to make the second undulator several times longer, than the first one.
For low enough emittances and energy spread, the power of the coherent undulator radiation is proportional to the number of the undulator periods. But for a very long undulator the longitudinal velocity spread will lead to debunching at long distances from the entrance; therefore only the beginning of the undulator makes a significant contribution to the total radiation power. If the effect of energy spread is dominant, the analytical estimate of the power10J 1 gives: P < (28) (SI units), where I is the peak current. The simple way to obtain the limitation (28) is following. The power of the coherent undulator radiation for the "optimally" bunched electron beam is P1OO[]NII (29) where N is the number of periods. The maximum N may be found from the condition of the conservation of bunching: kc=4N<1 (30) dE E where AE 2 aE for the optimal modulation. The inequality (Eq 26) demonstrates the necessity to have low energy spread.
(However, eq. (26) is not applicable for a energy spreads significantly lower than
as it does not take into account the bunching effect of the radiation field12.) The computer 3 ' 14, 1 5 of the electron outcoupling scheme confirmed its feasibility at the discussed range of parameters.
Over the course of the past couple of years we have done a small number of numerical simulations 15, 1 6 with both 1-D and 2-D time-dependent PlC codes to investigate the behavior of the electron outcoupling scheme. Our results suggested that it would be necessary to reduce the net pass-to-pass reflectivity of the oscillator section and use a dispersive drift section in order that the recirculating power in the optical cavity was sufficiently small that mirror damage could be avoided. The length of the drift section was limited by the initial energy spread of the beam; too great a length led to poor bunching output at the end of the oscillator and thus poor radiator performance. It was also apparent that reducing the intramirror distance below that of exact synchronism (i.e., cavity detuning) with the electron beam micropulse repetition rate would also help reduce the intracavity power and aid the oscillator portion of the FEL in operating in a stable mode. For peak currents in the 100-400 A current range and 100 MeV beam energies, we found that at ? = 1.7 microns, intracavity powers could be limited to -100 MW or less and beam bunching fractions at the end of the oscillator could be as large as -0.4, averaged over the micropulse. Our radiator simulations showed that an up to 1.8% energy conversion could be achieved in a 10-m length and that larger factors would be possible for longer micropulse lengths where slippage would play so prominent a role.
A new set of 2D simulations were done with an increased beam energy of 150 MeV, peak beam current of 200 A with an output wavelength of 850 nm. For a wiggler length of 43 periods, including a drift section in the middle whose effective length for dispersion was also 43 periods, we found that the saturated intracavity power was in the 300-600 MW range depending upon details of detuning and mirror reflectivity. The peak bunching was as high as 0.6 and the output was essentially monochromatic.
We are in the process of carrying out further simulations to investigate the optimization of the transverse optical klystron as discussed in the above, as well as radiator optimization to see if the extraction efficiency could be as high as our longer wavelength study.
CONCLUSIONS
The consideration of the stability issues show that the use of the non-superconducting RF system is preferable for hundredkilowatt FELs. In this case the FEL, based on the RF accelerator-recuperator, looks promising. The electron outcoupling requires energy spread to be low enough, but this limitation is within the state-of-the-art of accelerator technology. More 
